The reaction of 2,6-diformylpyridine-bis(benzoylhydrazone) [dfpbbh] X-ray diffraction analysis was employed for the structural characterization of the three chelate complexes. In the case of complex 1, optical, synthetic and computational methods were also exploited for ground state structure determinations and triplet energy level of the ligand and HOMO-LUMO calculations, as well as for a detailed study of its luminescence properties.
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Introduction
Reactions of lanthanides with polydentate oxygen and nitrogen ligands have attracted great interest because of the ability of these (hard base) sites to realize stable chelate complexes with high coordination numbers. Moreover, many of these ligands are quite efficient with regards to the displacement of the water molecules which usually are present in the coordination sphere of the lanthanide ions. As is known, the vibrational levels of the O-H bonds of the water lead to the quenching of the luminescence -in the case of luminescent lanthanides ions -by absorption of the emitted radiation in the vibrational excitation processes [1] . In addition, we have already shown that some polydentate nitrogen ligands are able to transfer energy to a lanthanide ion, thus exciting its luminescence -the so-called ''antenna'' effect [2] [3] [4] . Although relatively recent, the chemistry of lanthanides and actinides ions with ligands derived from 2,6-diformylpyridine and 2,6-diacetylpyridine is fairly reach and interesting. Besides previous work in this area, directed to the synthesis and structural properties and performed by Cundari [5] and Gaye [6] , in 2005 were reported [7] the synthesis and the crystallographic characterization of four compounds of this kind, among them the complex cation bis(2,6-diformylpyridine-4-phenylsemicarbazone-4-phenylthiosemicarbazonato)samarium(III), the first lanthanide complex in which a thiosemicarbazide appears as ligand. A new series of lanthanides chelate complexes with these ligand types was newly further described by the same group [8] , covering and extensive range of metal ions and structures. The research interests, however, were chiefly pointed toward achievable properties of the compounds that would enable their applications in the nuclear medicine.
The polydentate ligands derived from 2,6-diformylpyridine and 2,6-diacetylpyridine are mostly symmetric and good chelating agents for lanthanide ions, but so far they have not been outstanding by their fluorescent activities, still less by their ability to transfer energy to a lanthanide ion and so excite its luminescence. In this work we attempt to enlarge the performance of this kind of compounds, by exploiting the optical properties of novel, uncommon structures.
The lanthanides are characterized by the electronic configuration [ : near infrared) [9] . The Eu 3+ ion is one of the most explored due to the easy interpretation of its transitions and the great number of informa- tion that can be acquired from its luminescence studies. Because of that, the Eu 3+ ion can be used as structural probes [10] , in immunobiological assays [11] and electroluminescent devices [12, 13] . In 1990 the use of theoretical methods based upon luminescence experiments was started to predict the ground state geometry, as well as the coordination polyhedron of lanthanide compounds [14] , in special Eu 3+ complexes.
We report now some further results on the complex structural chemistry of lanthanides and ligands derived from 2,6-diformylpyridine, together with luminescence studies We demonstrate also the worth of the theoretical methods associated with the characteristic transitions of the Eu 3+ luminescence in corroborating the structural results obtained by X-ray crystallography and other spectroscopic methods.
Experimental
The single ligands dfpbbh and dfpbpsc were analyzed mainly through IR spectroscopy. The metal centers of the complexes 1, 2 and 3 were confirmed through EDX spectra and the monocrystals of the products were evaluated also through Scanning Electron Microscopy. (1) , was synthesized according to the experimental procedures for the preparation of 1 and was also structurally characterized through X-ray crystallography. Since the cell parameters and further crystallographic data of the gadolinium(III) complex are basically the same that those of complex 1, they were not included in Table 1 . The structural formulae of the ligands 2,6-diformylpyridine-bis(benzoylhydrazone), dfpbbh, and 2,6-diformylpyridine-bis(4-phenylsemicarbazone), dfpbpsc, are given in Chart A. Both ligands were prepared starting from 2,6-diformylpyridine, according to literature procedures [8] . A solution of 0.01878 g (0.05 mmol) of hydrated dysprosium(III) chloride with 99.9% purity (purchased by Sigma-Aldrich), in 5 mL of ethanol, was added to a suspension prepared by partial dissolution of 0.0371 g (0.1 mmol) of dfpbbh in 10 mL of ethanol. After addition of three drops of triethylamine the suspension was refluxed by 3 h and then filtered. A layer of n-hexane was added over the filtrate, and its slow evaporation yielded orange yellow crystals of 2. Yield: 36% based on the Dy salt.
Properties: orange yellow crystalline compound. 
X-ray structural determination
Data were collected with a Bruker APEX II CCD area-detector diffractometer and graphite-monochromatized Mo Ka radiation. The crystal structures were solved by direct methods using SHELXS [15] . Subsequent Fourier-difference map analyses yielded the positions of the non-hydrogen atoms. Refinements were carried out with SHELXL package [15] . All refinements were made by full-matrix least-squares on F 2 with anisotropic displacement parameters for all non-hydrogen atoms. Hydrogen atoms were included in the refinement in calculated positions.
Optical and luminescence experiments
The electronic absorption spectrum of the ligands was performed in dimethyl sulfoxide (DMSO) solutions in a Perkin-Elmer Lambda 14P spectrophotometer in the range between 200 and 500 nm. The excitation and emission spectra were performed at $77 K in a Horiba Jobin Yvon model FL3-222 equipped with a Table 1 Crystallographic data and refinement parameters for 1, 2 and 3. 
450W continuum Xenon Lamp. The emission lifetime of the 5 D 0 state was performed using a Jobin Yvon phosphorimeter model FL1040 and pulse lamp; we used 329 nm as excitation wavelength and 612 nm as emission wavelength.
The semi empirical method with basis on luminescence studies has advantages due the low computer time for calcules and high accuracy in the prediction of bond lengths and bond angles. The Sparkle/AM1 methodology [16] was developed and implemented in the MOPAC2009 package [17] (recent results [18] [19] [20] show good agreements when compared to monocrystal data from the ground state geometry). Using the INDO/S-CIS (Intermediate Neglect Differential Overlap/Spectroscopy -Configuration Interaction Simple) [21, 22] , implemented in ZINDO package [23] and the data generated by Sparkle/AM1, it is possible to calculate the singlet and triplet levels of the organic ligand in the complex.
Results and discussion

Crystal structure
The X-ray crystal data and the experimental conditions for the analyses of [ 2 ], without showing the solvate molecules (ethanol and water), for clarity. Fig. 4 depicts the structure of the binuclear complex 3, also without the solvate molecule. All the significant bond lengths and angles of the title complexes were included in the figure captions. Lanthanides(III) are known for their ability to perform chelate complexes with high coordination numbers. The metal center in the europium complex 1 presents coordination number 10, and its coordination polyhedron is clearly a bicapped cube, or elongated square dipyramid (see Section 3.4). In the anionic component of complex 2,
À , also the dysprosium ion attains the coordination number 10, with a biccapped cube as coordination polyhedron (Fig. 3) (3) the metal centers present different coordination numbers: Er1 shows coordination number 9, and disregarding the bonds Er1-O6 and Er1-O7 (both O6 and O7 from the NO 3 À bridge-forming ligand anion), the seven remaining bonds to Er1 achieve a distorted pentagonal-bipyramidal geometry. Er2, differently, reaches the coordination number 10, and only the bonds Er2-N11, Er2-O5 and Er-O7 (nitrate ion bridge) are in the same plane and close to each other. As a whole, together with the remaining seven Er2 bonds, these three bonds do not attain any coordination polyhedron described in the literature for the coordination number 10 [24]. + -has occurred due to the attack of a OH À ion to the (pyridine vicinal) HC@N bond of a molecule of dfpbbh, with final formation of the group -CH 2 -O À and further coordination to Dy(III) (C49 and C63, see Fig. 2 ). This probable secondary reaction is shown in Scheme 1. (3) is not common in the literature. The Er1-Er2 distance (4.7642 Å) is remarkable longer than the sum of the Er/Er van der Waals radii (4 Å), and the approximation of both atoms has only occurred because of the rare ability of the trigonal planar NO 3 À ion to perform such a strengthened bridge, engaging its four atoms in the double linkage.
Synthesis
Optical investigations
Since the Dy (2) and Er (3) complexes showed no luminescent properties, the main scope of this work regarding optical occurrences is the investigation of the spectroscopic parameters of the europium complex, by calculating the ground state geometry using the Sparkle/AM1 method, as well as the intensity parameters, transfer and back transfer rates and energy levels populations. These results allow to compare the theoretical data with the experimental ones and to use the theoretical data to explain some experimental events.
Optical features, HOMO-LUMO calculations
The electronic absorption spectrum of the ligand dfpbpsc is depicted in Fig. 5 and shows a broad band due to the n ? p ⁄ transitions of the R-N@N-R groups [25] . It is not possible to obtain the absorption bands below 250 nm because of the cutoff region of the solvent (DMSO). The HOMO and LUMO of the coordinated ligand dfpbpsc-H + are shown in Fig. 6 and were calculated according to the RM1 [26] procedures implemented in MOPAC2009 package [17] . The energy gap ranges from À4.2 to 1.9 eV and the HOMO are localized manly in the deprotonated side of the ligand, embracing the C@N-N À -C@O atoms/bonds, whereas the LUMO are located on the carbonyl group and on the terminal phenyl rest of the protonated ligand side. The HOMO-LUMO energy diagram also shows clearly the deprotonation of the nitrogen atoms N6 and N6 0 of the two ligand molecules of the complex [Eu(dfpbpsc-H + ) 2 ]NO 3 (1) (see Fig. 1 ). F 0 lines is equal to the number of different non centrosymmetric sites around the metal center, and the absence of this transition should be an indicative that the europium ion would lie in a symmetric site. There is at least one line for this transition for complex 1, therefore the europium ion lies in a non centrosymmetric site.
The analogous complex of gadolinium was synthesized (according to the experimental procedures for the preparation of 1), to determine the triplet energy level of the ligand. The process is based upon the exceptionally high energy of the lowest excited level of Gd(III), which affords an efficient method for this kind of measurement, after preparing the Gd(III) complex with the compound whose triplet energy is to be measured. The triplet energy is achieved through the centroid of the most intense transition of the emission spectrum, and for the coordinated ligand dfpbpsc-H + the triplet energy is located in 23115 cm Fig. 9 .
From the emission spectra it is also possible calculate the intensity parameters (X 2 and X 4 ) with the Eqs. (1) and (2) [28] .
where A 01 = 50 s 
where v is the Lorentz local field correction given by
; with the refraction index n = 1.5 and h 7 F J jjU ðJÞ jj 5 9m 0 i whose values are 0.0032 and 0.0023 to J = 2 and J = 4, respectively [28] .
The parameter R 02 was calculated using the Eq. (3).
where I 02 and I 00 are the integrated areas of the transitions 
The quantum efficiency (g) is calculated by the relation:
All these quantities (X 2 , X 4 , R 02 , A rad , A nrad , A tot , s and g) are shown in Table 2 for complex 1. The complex shows a very low value of X 2 and a high value of X 4 . The parameter X 2 indicates the degree of covalence between ligand and metal and is associated with the local symmetry. The low value of X 2 in this case can be attributed to the low degree of covalence between the ligand atoms and the Eu center, as well as to the high symmetry of the central site. The high value of X 4 can be explained with basis on the interactions between the neighborhood units, as shown in the crystal structure. Table 3 shows some complexes and their intensity parameters X 2 and X 4 [29] [30] [31] . It is possible to observe that ligands like b-diketones show a high value of X 2 because of the highly polarizability environment. On the other hand, the complexes with acid groups as ligands normally show a low value of X 2 due to the more accentuated ionic character of the metal-ligand bond. The europium complex 1 belongs to the class of the more ionic complexes due to the low covalent character between nitrogen/ oxygen atoms and the europium ion.
The ground state geometry of [Eu(dfpbpsc-H + ) 2 ]NO 3 (1) was calculated using Sparkle/AM1 [16] implemented in MOPAC2009 package [17] and is shown in Fig. 10 , compared with the structure obtained through X-ray monocrystal diffractometry. We can observe that the structure obtained from Sparkle/AM1 shows some Intensity / a.u.
λ / nm 3.4 [30] tta: theoyltrifluoroacetonate; absecl: 4-chloro-benzeneseleninic acid; abse: benzeneseleninic acid; dpa: pyridine-2,6-dicarboxylic acid; donic: quelidonic acid.
differences if compared with the single-crystal structure. The aromatic rings in the Sparkle/AM1 drawing are not in the same plane, probably because of the high repulsion between the aromatic and pyridine rings. The polar coordinates are shown in Table 4 . To differentiate the oxygen and nitrogen atoms in Table 4 we propose the codes shown in Fig. 11 . The average Eu-O/Eu-N distances calculated from Sparkle/AM1 are respectively 2.4391 and 2.5681 Å. The average distances for these two parameters, obtained from X-ray monocrystal analysis, are 2.4246 and 2.7130 Å, correspondingly. The Sparkle/AM1 error for the Eu-O distance is 0.60%, and for the Eu-N distance is somewhat bigger, 5.3%. The coordination polyhedron of the europium ion obtained from Sparkle/AM1 with the X-ray crystallographic data is shown in Fig. 12 . It is possible to observe a highly symmetric site around the europium center, with the coordination number 10, and the point symmetry near a C 2v group.
Transfer rates
In a lanthanide complex the ligand has the function of absorbing energy in the UV region and transfer it to the lanthanide ion. The most important transferences are those between S 1 (excited singlet) and [32] [33] [34] . Fig. 13 shows the scheme of energy levels of the ligand (obtained from Sparkle/ AM1 and crystallographic data) and energy levels of the europium ion. The transfer and back transfer rates are shown as well. Table 5 shows the calculated transfer and back transfer rates. There is a large back transfer rate between S 1 and The population of the energy levels of the ligand/europium ion was calculated using the adequate kinetic equations described in the literature [35] . The calculated populations, resumed in Table  6 , show a very high density in the S 0 level and a low density in the 5 D 0 emission level of the europium ion. These different values of populations can be attributed to the resonance between N-H and C-H vibrations, coupled with the emission level of europium, promoting a quenching in the luminescence and the non-radiative processes in the ligand molecule, regardless of the emission of the ligand.
The theoretical quantum yield was calculated according to the following equation [35] : 
Conclusions
The new synthesized complexes 1, 2 and 3 show coordination numbers which can not be considered uncommon, for lanthanide chelates. In the case of complex 1, the low covalence degree of the coordinative ligand-europium bonds could be also calculated. It was also shown that the ground state geometry calculated from Sparkle/AM1 is in good agreement with the geometry obtained from X-ray monocrystal data. The theoretical calculations are valuable instruments for understanding the occurrence of several experimental data and can be helpful to design new complexes according to specific properties or interests. Table 5 Transfer and back transfer rates calculated from Sparkle/AM1 data and X-ray monocrystal data. 
